Self-organization in multimode microwave phonon laser (phaser): 
experimental observation of spin-phonon cooperative motions 
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An unusual nonlinear resonance was experimentally observed in a ruby phonon laser (phaser) 
operating at 9 GHz with an electromagnetic pumping at 23 GHz. The resonance is manifested 
by very slow cooperative self-detunings in the microwave spectra of stimulated phonon emission 
when pumping is modulated at a superlow frequency (less than 10 Hz). During the self-detuning 
cycle new and new narrow phonon modes are sequentially "fired" on one side of the spectrum and 
approximately the same number of modes are "extinguished" on the other side, up to a complete 
generation breakdown in a certain final portion of the frequency axis. This is usually followed by a 
short-time refractority, after which the generation is fired again in the opposite (starting) portion 
of the frequency axis. The entire process of such cooperative spectral motions is repeated with 
high degree of regularity. The self-detuning period strongly depends on difference between the 
modulation frequency and the resonance frequency. This period is incommensurable with period of 
modulation. It increases to very large values (more than 100 s) when pointed difference is less than 
0.05 Hz. The revealed phenomenon is a kind of global spin-phonon self-organization. All microwave 
modes of phonon laser oscillate with the same period, but with different, strongly determined phase 
shifts — as in optical lasers with antiphase motions. 

PACS numbers: 05.65.+b, 42.65.Sf, 43.35.+d 



Phonon amplification by stimulated emission of radi- 
ation was predicted theoretically in and experimen- 
tally observed in microwave range by several groups Q 
in 1960-1970-th. This phenomenon is very similar to 
the usual paramagnetic maser gain of electromagnetic 
field 0, H| ■ But if the phonon gain is large enough to 
exceed the phonon losses in the solid-state resonator, 
the self-excitation of laser-like phonon emission is pos- 
sible 0, IE • The wavelength of generated microwave- 
frequency phonons in such phonon laser lies usually in 
optical or near-infrared range (due to very small veloc- 
ity of sound in crystals, which is about 5 orders less 
than the light velocity). In this sence microwave phonon 
laser (phaser) is more close relative of the optical laser, 
than terahertz phonon laser (saser) , having much shorter 
wavelength (see and references therein). 

Almost all early experiments with microwave phonon 
lasers 0, IE were carried out in autonomous regime, 
when the control parameters of the active system remain 
unchanged during the whole time of measurement. Var- 
ious regular and chaotic processes of generation of mi- 
crowave phonons in a multimode nonautonomous phaser 
was experimentally observed and studied for ui m w 
lur w 20-300 Hz, where Lu m is the pumping modulation 
frequency, ujr is the relaxation frequency of a nonequilib- 
rium autonomous acoustic system (u>r depends on pump- 
ing level). The existence of a single dominating com- 
ponent exjp(iujf{t) for the transient processes in the au- 
tonomous phonon laser reflects the collective character 
of a multimode stimulated emission |10| in the quantum 
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generators of class B, an acoustic analog of which is rep- 
resented by a system studied in |E|. As a result, a nonlin- 
ear dynamics of the integral intensity of the multimode 
stimulated phonon emission Js(t) in a nonautonomous 
phonon laser operating at uj m ~ uj r [c| is satisfactorily 
described by a single-mode (or even point-like) model. 

Outside the region of the nonlinear low-frequency res- 
onance indicated above, the pronounced dependence of 
the mode variables on the scalar order parameter 
is violated. Even in a two-mode regime of the class B 
quantum generator, evolution of the partial components 
Ji,2 (t) qualitatively differs from Js(t) In particular, 
the system may exhibit manifestations of a new nonlin- 
ear resonance at a frequency lol ^ ujr, which is related 
to the phonon intcrmode energy exchange through spin- 
system. 

In this study, a nonlinear supcrlow-frcqucncy reso- 
nance in a ruby phaser was experimentally observed for 
the first time at tv m ~ cj^ < 10 Hz. This resonance leads 
to a manifold narrowing of the microwave spectrum of 
stimulated phonon emission and to the appearance of 
very slow, highly organized self-detunings of phaser gen- 
eration at still lower frequencies depending on the pa- 
rameter Al = uj m — W£. Some preliminary results on 
superlow- frequency resonance were reported in Jl2l , and 
short version of this study was published in \\?\ and re- 
poted in 

The main element of the phonon laser studied is a solid- 
state microwave acoustic Fabry-Perot resonator (AFPR) 
made of a pink ruby crystal Cr 3+ : AI2O3 (with impuri- 
ties of Cr^+ in Al 2 (i_x)0 3 , where x « 3 x 10~ 4 ). This 
AFPR was made of ruby single crystal grown by the 
Verneuil method and cut to form of a round rod of 2.6 mm 
diameter and 17.6 mm length. Measured acoustic O- 
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factor of the AFPR is Q N w 10 6 at 9-10 GHz. 

One of the resonator's acoustic mirrors was coated with 
a textured piezoelectric ZnO thin film capable of de- 
tecting longitudinal acoustic (LA) oscillations in AFPR. 
These oscillations were excited in the ruby crystal lattice 
due to the stimulated phonon emission at spin transi- 
tions E% — > E 2 of Cr 3+ paramagnetic ions. Inversion of 
populations of spin- levels E3, E 2 was provided by simul- 
taneous (push-pull) pumping of the transitions E\ — > E 3 
and E 2 ~^ £4. Here Ei (i = 1..4) are the Cr 3+ ground 
spin multiplct levels. 

The experiments were performed at u> m = 2-20 Hz 
with the ruby phaser having push-pull electromagnetic 
pumping at a frequency of fip = 2.3 x 10 10 Hz (see 
FIG.^I. The mode frequencies f2jv of the generated LA- 
phonons occur near a maximum of the inverted acoustic 
paramagnetic resonance (APR) line ilg = 9.12 x 10 9 Hz. 
Since the longitudinal sound velocity Vla m the system 
studied was Vla = Vla{^ || C3) « 10 6 cm/s, the wave- 
lengths A at of the generated microwave acoustic modes 
were close to the optical-wavelength ones: \n ~ 1 £tm 
(C3 is the trigonal axis of ruby crystal lattice) . The inter- 
mode spacing was f^AT— flN-i = 3.1 xlO 5 Hz and the total 
number of modes reached A™ ax = 23 at a nonmodulated 
pumping power of P = 1.2 x 10" 2 W and the quality 
factor of electromagnetic pumping cavity Qp = 10 4 . 

All the experiments were performed by measuring the 
microwave spectra of the L^4-oscillations at temperatures 
of 9 = 1.7 — 4.2 K in static magnetic fields H within the 
interval H= [H^~\ HM], where = H ±\AH\ niax , 
H = 3920 Oe, AH = H - H , \AH\ max = 50 Oe. 
The magnetic field vector H was oriented at an angle 
of § = 54°44' with respect to the axis C3 of the ruby 
crystal, which was necessary to ensure the condition of 
the push-pull pumping E 3 - E x = E 4 - E 2 (FIG. [TJ. A 
typical power spectrum of microwave phonon emission in 
autonomous ruby phonon laser is shown at FIG. |2 

A special feature distinguishing this experiment from 
those described in [t| was the use of a pulse lock-in 
method for detecting the microwave acoustic spectra. 
The essence of the method is as follows. A stimulated 
phonon emission generated in the crystal is converted 
by the piezoelectric film into an electromagnetic signal 
transmitted to a microwave spectrum analyzer. In the 
normal state, a beam of the input oscilloscope in the 
spectrum analyzer is shut off. The oscilloscope is period- 
ically open by strobe pulses only within very short time 
intervals Ai str <C T m = 2it/oj m , with a strobing period 
T str being equal exactly to the period of external pump- 
ing modulation T m . At each lock-in time instant, the 
beam displayed a set of points on the oscilloscope screen 
indicating an instantaneous frequency distribution of the 
phonon mode intensity. 

The shutter of a camera making photographs of the 
oscilloscope screen is open within a certain registration 
time interval i reg , which is set as t rcg — nT m (n>l being 
an integer). Therefore, each camera shot represents a se- 
ries of superimposed point sets. If the period of intensity 




FIG. 1: Push-pull scheme of the energy levels of Cr 3+ active 
centers in pink ruby. The lowest spin quadruplet (orbital 
quantum number L = 0, spin quantum number S = 3/2) is 
splitted by electric crystal field into two doublets |±|) and 
if)- Static magnetic field H splits these doublets giving the 
symmetric scheme of energy levels at $ = 54° 44', were $ is the 
angle between H and ruby optical axis C3. Energy levels Ei 
and wave functions \ipi) are the eigenvalues and eigenfunctions 
of the Cr 3+ : AI2O3 spin-hamiltonian (see e.g. Q)- At H w 
3.9 kOe the push-pull pumping frequency flp = (E^—E^jh^ 
(E3 — Ei)/fi w 23 GHz and the signal frequency Qs = (E3 — 
E^)/h » 10 GHz. 

oscillations for all of the generated phonon modes coin- 
cides with the external modulation period T m , a spec- 
trum measured in this stroboscopic regime must contain 
a singe point representing each mode. 

A different situation takes place when the intensity os- 
cillations of the generated phonon modes are not in phase 
with the modulation factor. For example, if the oscilla- 
tion period is doubled simultaneously for all the modes, 
the number of points on the image would double as well. 
An especially illustrative pattern observed for the stim- 
ulated emission periodicity breakage, whereby the dis- 
tribution of points on the image becomes chaotic, the 
intermode correlation is lost, etc. 

It is important to note that both qualitative and quan- 
titative information can be obtained concerning the de- 
gree of spectral ordering, the character of regular and 
irregular detunings in the mode structure, etc. The pro- 
posed method is essentially a generalization of the well- 
known Poincare cross-sections method (see, e.g., ^^) to 
the case of a multimode system. A highly illustrative 
character — one of the main advantages of the Poincare 
method — is fully inherited in the proposed approach. 

Figures |3] and 0] show typical stroboscopic spectra 



FIG. 2: Power spectrum of phonon induced emission in au- 
tonomous microwave phonon laser (phaser) at 9 — 1.7 K. 
Exceeding of the pump threshold is small (about 1 dB). The 
intermode distance is 310 KHz, which is equal to the splitting 
of the AFPR eigenmodes for the LA oscillations with wave 
vector k | C3. 



FIG. 3: Stroboscopic power spectrum of stimulated mi- 
crowave phonon emission in nonautonomous ruby phaser with 
the electromagnetic pumping modulated at the maximum of 
low- frequency nonlinear resonance: ui m = 9.79 Hz. Here N is 
the microwave phonon mode number; J is the instantaneous 
intensity of the phonon stimulated emission normalized to 
the intensity of the central (maximum power) mode of the 
autonomous generation. H — 3.92 kOe; 8 — 1.8 K. 



of the stimulated phonon emission measured at io m = 
94.0 Hz (i.e., in the region of a low- frequency reso- 
nance u m ~ Wr) and at oj m — 9.79 Hz (at the maxi- 
mum of the superlow-frequency resonance observed for 
the first time). The measurements were performed for 
n = 10. As is clearly seen, a low-frequency destabi- 
lization of the generation process is manifested primarily 
by a strong chaotic amplitude modulation of the phonon 
modes (FIG. |3J). This is accompanied by certain broad- 
ening of the spectrum (iV^ max ' ) = 25) as compared to that 
observed in the autonomous regime. The variation of uj m 
from 70 to 200 Hz does not lead to qualitative changes of 
the general pattern (in agreement with the data reported 
previously for J^(t) 0)- 

On the contrary, a superlow-frequency destabilization 
of the generation process is manifested by a pronounced 
(manifold) narrowing of the spectrum (_/vj max - ) = 7) on 
the background of a significantly lower mode amplitude 
automodulation (FIG. 0}. However, a much more pro- 
nounced feature is the appearance of self-detunings in 
the microwave phonon spectrum for uj m deviating from 
the maximum of the superlow-frequency resonance at 
uj m = 9.79 Hz. The self-detuning process is manifested by 
motion of the region of localization of this relatively nar- 
row mode cluster along the frequency axis at a retained 



localization (width) of each mode. In other words, new 
modes are sequentially "fired" on one side of the cluster 
and approximately the same number of modes are "extin- 
guished" on the other side, up to a complete generation 
breakdown in a certain final portion of the frequency axis. 
This is usually followed by a short-time refractority, after 
which the generation is fired again in the opposite (start- 
ing) portion of the frequency axis and the entire process 
of collective motions is multiply repeated at a period of 
Tsd ^> T m . 

FIG. |S] shows a series of stimulated phonon emission 
spectra measured for A^ = —0.23 Hz and Ah = 0. A 
time interval of Te ~ 2.5 s between sequential exposures 
Ek in FIG.Ois selected to be much greater than T m . For 
the Ai value indicated above, the self-detuning period is 
Tsd ~ 14 s. The results of experiments showed that the 
Tsd value strongly depends on both absolute value and 
sign of Al and varies from a few tenths of a second for 
I Al I m 1 Hz up to very large values Tsd > 100 s for 
\Al\ < 0.05 Hz. The direction of motion of the mode 
cluster is determined by the sign of |Ai|: for the virtual 
cluster maximum position denoted by Qb, the direction 
is such that sgn(df2s /dt) = — sgnA^. 

An analogous character of self-detunings in the mi- 
crowave phonon spectrum in the region of the super-low- 
frequency resonance is retained on the whole in a rather 
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FIG. 4: The same as at previous figure, but with the elec- 
tromagnetic pumping modulated in the region of superlow- 
frequency nonlinear resonance: u> m =9.79 Hz. 



broad range of Ah ■ Moreover, in the entire region of 
\A.jj\ < 10 Oe, even the ojl value remains virtually the 
same (close to 9.8 Hz). Only for a still greater detuning 
of the spin system with respect to the magnetic field (un- 
der these conditions, even an autonomous phonon laser 
may exhibit some insufficiently studied generation fea- 
tures the resonance frequency ul begins to drop 
significantly (approximately by half for \Ah\ < 60 Oe). 
Here the stimulated phonon emission intensity drops by 
more than one order of magnitude because of a decrease 
in the level of pumping (which passes now via a wing of 
the paramagnetic resonance line) . A change in the sign of 
\Ah\ does not modify the self-detuning process (in con- 
trast to the case of changing the sign of Al considered 
above). 

On the whole, the dynamics of the collective motions 
described above is somewhat analogous to that of au- 
towaves ^J- Indeed, the observed moving spectral struc- 
tures (like the usual autowaves) are independent (within 
certain limits) of perturbations in the control parame- 
ters and probably result from a self-organization in the 
open dissipative system of a phonon laser. The energy 
of external excitation (in our case, a pumping field) is 
spent for maintaining this state, while selective external 
factors only switch on certain internal processes chang- 
ing the system behavior. Although the motions observed 
in our experiments occur in the spectral "space", these 
phenomena naturally reflect the corresponding processes 
in the real physical space of a distributed active system 
of the phonon laser studied. 

It should be emphasized that the above-described self- 




FIG. 5: A series of stimulated phonon emission spectra mea- 
sured for small detunings (A_l = —0.23 Hz) of the modula- 
tion frequency relative to the superlow-frequency resonance 
maximum. Ek is the number of sequential exposure for the 
spectra taken at an interval of Te ~ 2.5 s (other notations as 
in previous figures. 



detunings in the phonon spectra of a nonautonomous 
phaser, as well as the recently observed nonlinear phe- 
nomena in electromagnetic maser s |l8l and autonomous 
acoustic quantum generators 0, Il9|. possess an essen- 
tially nonthermal nature. Although the lower charac- 
teristic frequencies of the motions observed in this study 
fall within a millihertz frequency range, all these motions 
are related to the microwave field self-action through a 
spin system of a paramagnet in the absence of the so- 
called phonon bottleneck effect 20] (and of the result- 
ing phonon avalanche [IJ). Therefore, no overheating of 
the stochastic phonon subsystem takes place in the spec- 
tral range of 10 s Hz corresponding to the APR linewidth 
on the E2 <-> E3 transition in pink ruby crystal at low 
temperatures. The observed frequencies of the chaotic 
amplitude modulation occur below 10 3 Hz, while the mi- 
crowave modes of the stimulated phonon emission remain 
very broad (Af2jv < 10 f^) for both ui m ~ uir and 
uj m ~ lul. In this respect, behavior of the studied sys- 
tem qualitatively differs from that of the optical quantum 
generators of class A featuring a large-scale breaking of 
coherency (by the hydrodynamical turbulence type |22|) 
of the stimulated emission. 

In conclusion, the revealed phenomenon is a kind of 
global spin-phonon self-organization, which is the result 
of superlow-frequency resonant destabilization of station- 
ary phaser generation. All microwave modes of phonon 
laser oscillate with the same period, but with different, 
strongly determined phase shifts — as in optical class 
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B lasers with antiphase motions (see [XOj and references 
therein) . Several features of observed cooperative alter- 
nation of resonant LA modes in phonon laser may be de- 
scribed by simple balance model of active medium with 
spatial hole burning [lOj , but detailed theory of the self- 
organization in phaser must include into consideration 
the electron- nuclear magnetic interactions These 
interactions dramatically modify the processes of near- 
resonant energy transfer in ruby phaser 0, l24j due to nu- 



clear spin polarization under conditions of electron spin- 
system saturation. 
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